a r X i v v e r s i o n -S e p t e m b e r 1 7 , 2 0 1 8 Abstract Purpose: To evaluate the influence of a model-based iterative reconstruction algorithm (ADMIRE) on image texture and image visual impression as a supplement to measurements of common image quality parameters such as noise levels and spatial resolution.
Introduction
The use of the X-ray computed tomography (CT) has increased considerably in recent years worldwide which led to the increasing the radiation dose to patients related with the CT [1, 2] . The total number of CT procedures performed annually in the United States has increased from approximately 3 million in 1980 to about 70 million in 2007 [3] . Furthermore, the new researches report that 78.7 million CT examinations were performed in the United States in 2015 [4] . Although in the United States only 11-13% of radiologic examinations have been attributed to the CT, CT is accountable for more than two thirds of the collective effective dose associated with the X-ray imaging [5] . A similar trend has been observed in Germany: CT examinations are responsible for nearly 9% of the total X-ray examinations which contributes approximately 65% of the collective effective dose with the X-ray imaging in Germany [6] . These reports indicate that a reduction of the radiation dose related to the CT examinations is indispensable. An alternative to reduced the radiation dose in the CT is the use of a lower X-ray tube current, which increases simultaneously the image noise by the use of filtered back projection algorithms (FBP) [7] . In order to overcome this limitation, CT manufacturers have developed iterative reconstruction (IR) algorithm for conserving image quality by the radiation dose reduction. Several studies demonstrated the performance of the IR algorithms and the radiation dose reduction compared with the FBP technique [7] [8] [9] [10] [11] [12] . An iterative algorithm, advanced modeled iterative reconstruction (ADMIRE; Siemens Healthcare, Forchheim, Germany), is becoming clinically available for dual-source CT scanners. In previous studies the effect of ADMIRE on image quality using physical parameters and its dose reduction potential was evaluated comprehensively [12] [13] [14] [15] . Up to now, to our knowledge, an image quality analysis and a realistic dose reduction potential based on the texture analysis and the visual impression has never been studied. The purpose of the current investigation is to evaluate the impact of ADMIRE on the image texture using the Haralick texture parameters and on the visual impression using the structural similarity index (SSIM) for a dual-source multi-detector CT scanner. Furthermore, the noise distribution and the spatial resolution for diverse radiation dose levels and ADMIRE are discussed.
Materials and Methods

CT Scanner
The clinical scanner used in this investigation was a 192-slice dual-source CT (DSCT) of the third generation (Somatom Force; Siemens Healthcare, Forchheim, Germany). The image acquisition protocols (IAPs) for the measurements are listed in Table 1 . In order to obtain a constant radiation dose during the gantry rotation, the radiation dose modulation was disabled. For the image reconstruction an abdomen protocol with a standard kernel (Bf44) and the ADMIRE algorithms with five reconstruction strengths (I-V) were utilized. 
Phantom
An ACR phantom was used to determine the image quality parameters discussed in this work. The ACR phantom consists of a water-equivalent material and contains four modules for the image quality analysis [16] [17] [18] . A sketch, a photograph and CT images of the ACR phantom modules are shown in Figure 1 . 
Haralick texture parameters
The statistical analysis delivers a possibility for the texture analysis of a digital images. This kind of analysis based on not only individual pixel values, but correlations between gray value combinations of pixels. Using gray level matrices, the so-called co-occurrence matrices, different texture parameters introduced by Haralick et al. can be calculated [19] . A gray level matrix M d (i 1 , i 2 ) describes the occurrence rate of the gray values i 1 and i 2 of two pixels at a distance d and is defined as
where p d (i, j) and N g characterize the occurrence probability of two gray values i 1 and i 2 at the distance d and the possible gray values, respectively. The probabilities p d (i, j) are the basic of the various Haralick texture parameters and can be described as follows To characterize the local texture properties, the computation of the gray value matrix is limited to the N g × N g image pixels in neighborhood of the considered pixel at a distance d. By the use of the N g × N g gray values, 14 texture parameters, the Haralick texture features, are defined, those can adequately describe the properties of the image texture. In order to limit the analysis in this work, two Haralick texture features are just presented, i.e. contrast and entropy. Contrast is a measure of the mean size of gray scale variations in a region. The contrast is defined by
Image regions with high contrast show a strong gray value changes between pixels. Entropy is the amount of disorder in an image and is given
The value of entropy reaches a maximum value if all contributions of the gray value matrix are equal. In the case of unequal matrix elements, the value of the entropy is minimal [20, 21] .
For determining of the contrast and entropy, the module 3 of the ACR Phantom were used. This module has a series of cylinders with different diameters and CT numbers close to that of the background, | ∆CT# | ≈ 6 HU..
Structural similarity index
The structural similarity index (SSIM) proposed by Wang et al. [22] provides a good approximation of perceived image quality which is based on the analysis of the luminance, contrast and structural similarity of two images. In this study SSIM was used to compare the visibility difference of images with a reference image. SSIM between two images quantifies their similarity which is denoting by one for identical and smaller than one for non-identical images. In this work SSIM for two different data sets was determined: First, for each data set measured by a certain tube current, an image reconstructed by the FBP algorithm as the reference image was selected. SSIM between images reconstructed by the ADMIRE levels and the reference image was calculated (SSIM FBP ). For the second analysis, an image measured by a tube current of 900 mA and reconstructed by FBP BF44 was chosen as a reference image. SSIM between the reference image and images measured by all tube currents and reconstructed by FBP and ADMIRE levels was determined (SSIM R ). Furthermore, SSIM was used to express the visibly perceivable difference between the images including virtual lesions with different area and the corresponding lesion-free images (SSIM L ). For this purpose, virtual lesions with areas corresponded to circles with diameters of 4, 8, 12, 16 and 20 mm were inserted to the module 2 with a uniform, tissueequivalent material. The lesions were added to the background successively and SSIM L was calculated by presence of only a lesion. The virtual lesions were inserted to the background images with a gamma-value of 1.03 (γ = 1.03). Thereby, the intensity of each pixel (p) in the virtual lesions were raised to the power of the gamma-value. For 8-Bit images the new intensity of pixels is given by a function f (p) that is defined as
In order to calculate SSIM, a tool developed by Kornel was used (https://github.com/kornelski). This tool a r X i v v e r s i o n -S e p t e m b e r 1 7 , 2 0 1 8 computes dissimilarity (dSSIM) between two images. So SSIM is given by
dSSIM for two identical images is 0, and values greater than 0 denote amount of difference.
Image noise determination
By the use of the uniform module 2 of the ACR phantom, the influence of the radiation dose and the ADMIRE levels on the image noise was analyzed. For the determination of the image noise, images of the uniformity module for all tube currens and the ADMIRE levels were subtracted from a gold-standard image. The gold-standard image was measured by a tube current of 900 mA and reconstructed using the FBP algorithm. The CT number (HU) distributions of the subtracted images represented the impact of the radiation dose as well as the reconstruction algorithm on the noise.
High contrast resolution
The modulation transfer function (MTF) is a physical characteristic which describes the high contrast or spatial resolution of an imaging system. A common method to compute the MTF is the Fourier transform calculation of the linespread function (LSF). The MTF may also be determined with a technique introduced by Droege and Morin [23] . This method is based on the standard deviation measurements of the pixel values within an image of bar patterns. For the MTF determination in this study the technique by Droege and Morin was used. Thereby, ROIs with an area of about 100 mm 2 within all bar patterns in the module 4 and in the background were placed. Using the CT numbers and standard deviations in the ROIs and the background, MTF for each spatial frequencies (lp/cm) was determined. In addition to MTF measurements, LSF using two very small beads (0.28 mm each) located in the module 2 was calculated. The full width at half maximum (FWHM) of LSF can be also observed as an indicator for the spatial resolution of the system. In the presented study, MTF as well as FWHM for all radiation dose and ADMIRE levels were assessed.
Results
Haralick texture parameters
The Haralick texture parameters contrast and entropy calculated for all IAPs are presented in Figures 2 (a) and (b) , respectively. In order to calculate the contrast and entropy in this work, the wighted averages of 35 images for each data point were utilized. 
Structural similarity index
SSIM FBP for measurements with different radiation dose values is illustrated in Figure 3 (a) . In Figure 3 (b) SSIM R calculated by the use of the reference images and images measured by all tube currents and reconstructed by the FBP and ADMIRE algorithms is presented. As expected, by increasing the radiation dose the visible similarity between images and the reference image has been improved. A similar behavior of SSIM R with increasing the ADMIRE levels has been founded. eter and ADMIRE is plotted in Figure 5 and listed in the 
Image noise characteristic
As mentioned in the section about the image noise calculation, images measured by all data sets were subtracted from a gold-standard image. Figure 6 shows subtracted images for the tube currents of 20, 50, 100 and 200 mA reconstructed by FBP and the ADMIRE level I up to V. This figure shows, that the noise texture was moved to the smoother structure with increasing the ADMIRE level as well the radiation dose. Figure 7 presented the noise distribution and the corresponding Gaussian fits for the subtracted images presented in Figure 6 . With increasing the radiation dose, the HU numbers were relocated to the narrower distribution. Furthermore, the HU numbers distribution were also shifted to the narrower Gaussian by the use of the ADMIRE levels. The center-of-masses for the distributions were almost at the same position by (−1.2 ± 0.7) HU.
High contrast resolution
The MTF values and the correlated fits versus the spatial resolution measured by FBP and the ADMIRE levels for a tube current of 100 mA are depicted in Figure 8 . Subsequently, using the beads the LSFs were determined which were fitted by the Gaussian functions. FWHM of the Gaussian fitting functions for all data sets are summarized in Table 5 , s. Appendix. Figure 9 shows the spatial resolution improvement of the ADMIRE levels in comparison with FBP for tube currents of 20, 50, 100 and 200 mA. While the spatial resolution variation as a function of the radiation dose could be neglected, it showed an improvement up to 18 % by the use of ADMIRE levels.
Discussion
The presented work showed the texture analysis and an evaluating the visual impression of images provided by a dualsource CT scanner (DSCT) and reconstructed by a modelbased iterative reconstruction (ADMIRE) algorithm. The image texture was analyzed using two Haralick parameters, while the image visual impression was assessed in terms of the structural similarity index (SSIM). Furthermore, the noise distributions as well as the spatial resolutions as functions of the ADMIRE and radiation dose levels were determined.
The model-based ADMIRE algorithm has been considerably improved relative to the last-generation IR by the same company, SAFIRE (sinogram-affirmed iterative reconstruction; Siemens Healthcare, Forchheim, Germany) [13] , which is only installed in the second generation of DSCT scanners. SAFIRE was recently evaluated in different studies and its potential for radiation dose reduction was discussed, e.g. by Baker et al. [8] , Kalra et al. [9] , von Falck et al. [10] and McCollough et al. [11] . In an investigation, Solomon et al.
showed the increase of the detectability performance for the SAFIRE algorithm compared with FBP [15] . ADMIRE was also discussed in various publications. For example, Solomon et al. [12] demonstrated in a comprehensive study the assessment the image quality in terms of the noise power spectrum, task transfer function and detectability performance as a function of IAPs and different reconstruction algorithms, FPB and ADMIRE strengths III to IV. In another phantom study of the same research group [13] , the performance of ADMIRE for the low-contrast detectability and the potential for radiation dose reduction were evaluated. On the basic of two reading sessions, the data sets were assessed by readers and the dose reduction potential was estimated to be 41 % in average by the use of the ADMIRE strengths III to IV in comparison to FBP. Scholtz et al. [14] reported a reduction of the noise and an improvement of CNR and SNR by the use of ADMIRE. Thereby, 116 patients were selected who underwent the CT examination of the neck. Although, in the mentioned studies the characterization of the ADMIRE algorithm based on the image quality parameters, such as noise, CNR and SNR, MTF, low-contrast detectability, or on the reader studies were showed, the image visual impression was not discussed.
Up to now, to our knowledge, no study has assessed the impact of the ADMIRE algorithm on the image texture and the image visual impression. Therefore, the aim of the presented study included the investigating the ADMIRE influence on the image texture and the image visual impression of images provided by a dual-source multi-detector CT scanner. As for the texture analysis, two Haralick texture parameters, contrast and entropy, were only utilized, the image visual impression was characterized by SSIM. SSIM delivers a more realistic assessment of the dose reduction potential of iterative reconstruction algorithms than quality metrics only based on physical measurements of spatial and contrast resolution. SSIM can be also viewed as an index to evaluate the low-contrast detectability [10, 24] . Furthermore, the determination of SSIM as a detectability indicator can replace the reader studies, which is in general sophisticated. SSIM (SSIM) showed an enhancement with increasing the ADMIRE level which is more obvious for ADMIRE IV and With increasing the radiation dose and using ADMIRE levels, the HU numbers were shifted to the narrower distribution. The standard deviations of the Gaussian fits are indicated by σ. were most visible. Although the potential of the radiation dose reduction and improvement of the low-contrast detectability of the basis of SSIM are in accordance with the results obtained by the reader studies mentioned in previous studies, SSIM provides an easier and more efficient method to assess the image quality. The texture analysis provides similar results. Using ADMIRE levels, the variation of the gray values (contrast) and the disorder (entropy) in a image were decreasing. While the mean CT numbers of background figured out the weakly dependence of reconstruction algorithm and can be assumes as a constant, their standard derivations (noise) were decrease with the ADMIRE levels. This result was also observed in the previous studies [12, 14] . The HU density histograms of the noise showed a narrower distribution by increasing the radiation dose. In addition, the use of the ADMIRE levels led to decrease of the image noise and narrower distribution and the image noise texture shifted to the smoother structures with increase of the ADMIRE levels which could be observed for all radiation dose. A significant difference of MTF for all IAPs and reconstruction algorithms was not observed. On the other hand, by increasing the ADMIRE levels the FWHM values of the LSF showed a decreasing trend. This result indicates an improvement of the high contrast resolution with ADMIRE levels. Considering the standard derivation, the spatial resolution was almost independent on the radiation dose level for all reconstruction algorithms. The FHWM calculated by ADMIRE V showed an improvement of 13(3) % and 18(7) % compared with FBP for tube currents of 20 mA and 200 mA, respectively. The spatial resolution enhancement by ADMIRE levels is in accordance to the results given by Solomon et al. [12] . Indeed, von Falck et al. [10] showed that there was no statistically significant difference in spatial resolution by means of SAFIRE algorithm.
Our study has a number of limitations: First, we used a basic cylinder-shaped phantom with a radius of 20 cm which is only an approximation for a patient body. Second, the radiation dose was equated to the volumetric CT dose index (CTDI vol ) which is only the radiation dose output of the CT scanners and proportional the patient dose. A dose measurement using TLD or an appropriate ionization chamber might have been beneficial. However, this is time consuming and would in our opinion not alter the results.
In conclusion, this work presented the influence of the AD-MIRE algorithm on the visual impression and image noise. The structural similarity evaluation showed that the low contrast detectability using ADMIRE at 50 % radiation dose was almost equal to that by the use of FBP at 100 % radiation dose. In addition, the results indicated that the spatial resolution improved by the use of ADMIRE algorithm. Table 4 : SSIM L for all reconstruction algorithms measured by a X-ray tube of 100 mA (CTDI vol =3.31 mGy). 
